Keratan sulfate proteoglycans (KSPGs) play a pivotal role in the development and maintenance of corneal transparency. Keratocan, lumican, and mimecan (osteoglycin) are the major KSPGs in vertebrate corneas. To provide a better understanding of the structure/function relationship of keratocan, we have cloned both the mouse keratocan gene and its cDNA. We have also examined its expression during embryonic development. The mouse keratocan gene spans approximately 6.5 kilobases of the mouse genome and contains three exons and two introns. Northern blotting and in situ hybridization were employed to examine keratocan gene expression during mouse development. Unlike lumican gene, which is expressed by many tissues other than cornea, keratocan mRNA is more selectively expressed in the corneal tissue of the adult mouse. During embryonic development, keratocan mRNA was first detected in periocular mesenchymal cells migrating toward developing corneas on embryonic day 13.5 (E13.5). Its expression was gradually restricted to corneal stromal cells on E14.5ϳE18.5. Interestingly, keratocan mRNA can be detected in scleral cells of E15.5 embryos, but not in E18.5 embryos. In adult eyes, keratocan mRNA can be detected in corneal keratocytes, but not in scleral cells.
The transparency of the cornea, as proposed by the lattice model of Maurice (1) , is based on the presence of collagen fibrils of small and regular diameter (22.5-35 nm) spaced at regular intervals (42-44 nm). Small leucine-rich proteoglycans (SLRPs) 1 have long been thought to be key regulators of collagen fibrillogenesis, e.g. fibril diameter, interfibrillar spacing (2) . The bifunctional character of the SLRPs, exhibited when the core protein binds to collagen fibrils and the highly charged glycosaminoglycans (GAG), can regulate interfibrillar spacing and contribute to the precise topology of fibrillar collagens in the cornea. Keratan sulfate (KS), dermatan sulfate (DS), and chondroitin sulfates (CS) are major GAGs in the corneal stroma (3, 4) , and the ratios of various proteoglycans in the corneal stroma relate to the stromal water distribution. For example, during wound healing, reduction of the KSPG to CSPG ratio in corneal scar tissue may account for increased water content (5) . It has been shown that corneas from patients with macular dystrophy synthesize an essentially normal CSPG, but do not synthesize normal mature KSPG, indicating that KSPG plays a major role in the maintenance of corneal transparency (6) .
Keratocan, lumican, and mimecan (previously designated as 37A, 37B, and 25, respectively) (7-10) are members of the keratan sulfate proteoglycan (KSPG) group of the SLRP family in cornea. They share many common structural motifs, e.g. central leucine-rich tandem repeats and conserved N-linked glycosylation. They diversify in the N-and C-terminal domains and their sites of KS-substitution. The differences among keratocan, lumican, and mimecan imply that each individual KSPG member may have distinct roles in regulating corneal stromal collagen fibrillogenesis, and therefore, corneal transparency.
To examine the structure and function of keratocan, we isolated and sequenced mouse keratocan cDNA and genomic DNA, and determined the spatiotemporal expression patterns of the mouse keratocan gene by Northern blot and in situ hybridization.
MATERIALS AND METHODS

Isolation and Characterization of Mouse Keratocan cDNA and
Genomic DNA-Mouse keratocan cDNA clones were isolated by screening a mouse corneal cDNA library (11) with a 32 P-labeled bovine keratocan cDNA (8) . The longest cDNA insert (ϳ2.0 kb) was then used to prepare a 32 P-labeled probe to screen a mouse BAC-genomic DNA library (Research Genetics, Inc., Huntsville, AL). A positive clone of 200 kb was isolated. The clone was characterized with restriction enzyme digestion and Southern blot hybridization with a 32 P-labeled keratocan cDNA. A 6.6-kb BamHI-EcoRI fragment and a 6.6-kb XbaI fragment together encoding the full-length keratocan gene were subcloned into the pBluescript SK vector (Stratagene, La Jolla, CA). The DNA insert of these two subclones was sequenced with both the T3 and T7 primers. The complete nucleotide sequence (both strands) of the keratocan gene was determined, using walk-in primers, by the DNA core of the Department of Molecular Genetics at University of Cincinnati. The structural organization of the mouse keratocan gene was determined by DNA sequence comparison between the full-length cDNA and genomic DNA.
5Ј-RACE-The 5Ј-end of the mouse keratocan mRNA was amplified using the 5Ј-RACE System, Version 2.0 (Life Technologies, Gaithersburg, MD) according to the manufacturer instructions. One g of total RNA from mouse E16.5 eyes was reverse transcribed with a keratocanspecific primer (5Ј-AACAACCAGAGTATTAAACAG-3Ј, Ktcn-11) corresponding to a sequence in exon 2 of the mouse keratocan gene. 1 The abbreviations used are: SLRPs, small leucine-rich proteoglycans; RACE, rapid amplification of cDNA ends; BAC, bacterial artificial chromosome; DS/CSPG, dermatan sulfate/chondroitin sulfate proteoglycan; GAG, glycosaminoglycan; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; KSPG, keratan sulfate proteoglycan; Lum, lumican gene; PCR, polymerase chain reaction; RNase, ribonuclease; SSC, 0.15 M NaCl, 15 mM citrate buffer, pH. 7.0; E, embryonic day; kb, kilobase(s); bp, base pair(s).
(dCTP) tail was added to the 3Ј-end of the cDNAs with terminal deoxynucleotidyl transferase. Amplification of the cDNA was carried out with a second gene-specific primer (5Ј-TGCCATTACAGCACCTTGCTT-TCC-3Ј, Ktcn-1) corresponding to sequence from the junction between exon 1 and exon 2 in conjunction with the abridged anchor primer (5Ј-GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG-3Ј) provided by the manufacturer. The PCR was done using 30 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 3 min followed by a 10-min extension at 72°C at the end of these cycles. The resulting PCR products were diluted 100-fold and used as template to be reamplified with a third gene-specific primer (5Ј-AGTCCTGTGGCTGGTGTTAGG-3Ј, Ktcn-10) in conjunction with the universal amplification primer (5Ј-CUACUAC-UACUAGGCCACGCGTCGACTAGTAC-3Ј). The resulting PCR product was gel-purified, and the sequence was determined by dideoxy sequencing. The transcription initiation site of the mouse keratocan gene was determined by a sequence comparison between genomic DNA and the 5Ј-RACE product.
Northern Hybridization-Total RNA was extracted from mouse tissues using TRI-reagent TM (Molecular Research Center, Cincinnati, OH) as described previously (12) . 10 g of total RNA was electrophoresed in 1.3% agarose containing 2 M formaldehyde buffered with TBE (Tris borate/EDTA). The RNAs were then transferred to Magna-Charge TM membranes and hybridized with 32 P-labeled mouse keratocan and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) cDNA in a hybridization solution containing 50% formamide at 41°C overnight as described previously (13) . The excess 32 P-probes were removed by stringent washing three times with 0.1ϫ SSC and 1% SDS at 65°C for 30 min each. Hybridization signals were detected with a PhosphorImager (Molecular Dynamics). The amount of keratocan mRNA in each specimen was calibrated using the GAPDH mRNA in each sample.
In Situ Hybridization-To identify the cell types that express keratocan, mouse eyes and embryos were fixed with 4% paraformaldehyde at 4°C and embedded in paraffin as described previously (14) . Antisense and sense digoxygenin-labeled riboprobes (Boehringer Mannheim) of keratocan mRNA were synthesized and used for in situ hybridization on paraffin sections (5 m) mounted on Superfrost/Plus microscope slides (Fisher Scientific, Pittsburgh, PA). To remove nonspecifically bound probes, slides were subjected to a stringent wash with 0.5ϫ SSC at 65°C and treated with 20 g/ml RNase (Sigma) at room temperature for 1 h, followed by washing with 0.2ϫ SSC at 65°C as described previously (13) . The hybridization signals were visualized with anti-digoxigenin antibody-alkaline phosphatase conjugates using procedures recommended by Boehringer Mannheim.
RESULTS
Structure of Mouse Keratocan
Gene-Mouse keratocan cDNA clones were isolated from a mouse corneal cDNA library (11) with a 32 P-labeled bovine keratocan cDNA (8) . Among the cDNA clones, the longest cDNA insert (ϳ2.0 kb) contains a 1053-bp open reading frame encoding mouse keratocan (351 amino acids (aa)). Sequence comparison analysis between mouse and bovine keratocan shows 86% homology between amino acid sequences (Fig. 1) . Like other KS-SLRP core proteins, i.e. lumican (9) and mimecan (10), mouse keratocan shows three distinct domains, a highly conserved central leucine-rich repeat region which is flanked by hypervariable Nand C-terminal regions. As shown in Fig. 1 , after the signal peptide (the first 20 aa), a hypervariable N-terminal region contains a consensus YE motif for protein sulfation (15) , indicating the possibility of sulfotyrosine existing in mature keratocan. After the hypervariable N-terminal region, mouse keratocan begins a highly conserved sequence of 254 aa starting with four closely spaced cysteine residues CX 3 CXCX 9 C, where X represents any amino acid. A central leucine-rich domain contains ten tandem repeats of the sequence LXXLXLXX-NXL/I. The domain of leucine-rich repeats is then followed by a CX 37 C sequence at the C terminus that is well conserved among the members of SLRPs family (16) .
A 200-kb mouse genomic DNA clone was isolated by screening a mouse BAC genomic DNA library (Research Genetics, Huntsville, AL) with a 32 P-labeled mouse keratocan cDNA (ϳ2.0 kb). This mouse keratocan genomic DNA was subcloned and characterized by Southern blot hybridization, PCR, and DNA sequencing. As illustrated in Fig. 2 , the mouse keratocan gene spans ϳ6.5 kb and contains three exons and two introns. The entire DNA sequence of the mouse keratocan gene is shown in Fig. 3 . Comparing DNA sequence from the cDNA and the genomic DNA of the mouse keratocan gene, we found that exon 2 is 898 bp and encodes both the N-terminal domain and central leucine-rich repeats, exon 3 contains 165 bp of coding sequence and 715 bp of 3Ј-untranslated sequence. The transcription initiation site (a deoxyadenosine nucleotide residue) was determined by a 5Ј-RACE experiment as described under "Materials and Methods." Therefore, exon 1 contains 172 bp of 5Ј-untranslated sequence. There is no TATA consensus se- quence found in the proximal 5Ј-flanking region of the mouse keratocan gene (Fig. 3) .
Spatial and Temporal Expression of the Mouse Keratocan Gene during Development-To predict the possible clinical manifestation of keratocan knockout mice, it is important to determine the temporal and spatial expression of the keratocan gene during mouse development. Northern blot analysis revealed that keratocan mRNA was about 2.2 kb in size and was more selectively expressed in eye tissue, e.g. cornea, but not in other tissues of adult mice (Fig. 4A) . The expression of the keratocan transcript, starting at E16.5, remained consistently high throughout eye development (Fig. 4B) . In situ hybridization showed that the positive hybridization signal was only detected in adult corneal stromal cells by an antisense (Fig. 5,  B and D) but not by a sense cDNA probe (Fig. 5, A and C) . We then used this antisense probe to examine the spatial and temporal expression of the mouse keratocan gene during eye development. Fig. 6 revealed a dynamic expression pattern for the keratocan gene during embryonic eye development. Keratocan mRNA was first detected in neural crest cells migrating toward developing corneas at embryonic day 13.5 (E13.5) and gradually became restricted to corneal stromal cells at E14.5 ϳE18.5 embryos. Interestingly, keratocan mRNA can be transiently detected in scleral cells of E15.5 embryos, but not in E18.5 embryos.
DISCUSSION
In the present study, we have isolated and characterized the mouse keratocan gene and its expression during development. Like lumican, another corneal KSPG member of SLRP gene family, mouse keratocan has all the structural features of SLRPs, i.e. a central domain of leucine-rich repeats that is flanked by N-and C-terminal domains with conserved cysteines (16) . The size and structure of the mouse keratocan gene are similar to the lumican gene, which is approximately 6.5 kb and has three exons, with the second exon encoding all ten leucine-rich repeats. Interestingly, both the lumican and keratocan gene have been mapped to the distal chromosome 10 of the mouse genome (17; GenBank TM accession number AF022256). Moreover, like the mouse lumican gene (13), the mouse keratocan gene is a TATA-less gene. Before the submission of this report, it had been shown that there was also no TATA box in the bovine keratocan gene (18) . These results suggest that keratocan and lumican are very closely related genes in the SLRP family.
We previously reported that the Lum gene was widely expressed in many tissues other than cornea. Similarly, expression of mimecan mRNA is not restricted to the cornea (10) . In this study, we show that the keratocan gene is selectively expressed by corneal stromal cells in the adult mouse. Northern blots show that the lumican mRNA level in cornea declines significantly after the postnatal stage (13), but keratocan mRNA still maintains a constant level throughout develop- ment (Fig. 4B) . These results suggest that keratocan may have a unique function in maintaining corneal physiology. Generation of keratocan null-mice will shed light on the role of keratocan in regulating corneal transparency and may also yield a useful animal model for studying certain human corneal dystrophies that may result from abnormal KSPG metabolism.
Vertebrate corneal development has been extensively studied using the chick embryo as a model (19) . It is known that there are two waves of mesenchymal cell migration into the developing cornea (20) . Once the corneal epithelium has formed and synthesized the primary stroma, periocular mesenchymal cells of neural crest origin migrate along the surface of the lens and contribute to the development of the corneal endothelium and trabecular meshwork. Subsequently, the second wave of neural crest cells invade the primary stroma and differentiate into corneal keratocytes that synthesize the specialized extracellular matrix (ECM) of the secondary stroma. Studies have demonstrated that the distribution of ECMs showed spatial and temporal variations during corneal development (21) . Migration and differentiation of neural crest cells could be regulated by the interactions between cells and ECM components, e.g. collagens, proteoglycans, and glycoproteins. Little is known about how periocular mesenchymal cells of neural crest origin migrate and differentiate into keratocytes in the mouse. In the present study, we observed that keratocan gene expression starts as early as E13.5 in periocular mesenchymal cells migrating toward the cornea and sclera, but its expression gradually became restricted to corneal keratocytes in E18.5 and adult mice (Figs. 5 and 6 ). This observation differs from that found in bovine ocular tissues, in which keratocan can be detected both in cornea and sclera (8, 18) . Our results suggest that it may have a keratocyte lineage-specific regulation of the keratocan gene in the mouse. Keratocan can serve as a specific marker for corneal keratocyte. We hypothesize that these keratocan expressing periocular mesenchymal cells found in E13.5 embryos and the keratocytes found in adult mice are important players for the development and maintenance of transparent corneas. Efforts to elucidate the corneal stromal cell lineagespecific expression of the keratocan gene will lead to a better understanding of molecular basis of corneal stromal development. Our ongoing experiments are designed to characterize the promoter/enhancer region of the keratocan gene with the object of establishing the minimal cis-regulatory DNA elements that confer corneal stromal specific expression.
